Indoor corrosion failures of aluminum-finned copper-tube evaporator coils, and also in some systems without aluminum fins, is a menacing issue in the heating, ventilation, and air conditioning (HVAC) industry. Extensive laboratory testing has verified the development of a reproducible screening method to assess suspected contaminants of producing premature failures of copper tube resulting from a very localized form of corrosion known as "formicary corrosion" [a/k/a "ant nest corrosion"]. This paper provides a historical perspective on formicary corrosion and various mechanisms.
to as "ant-nest" corrosion, appears as isolated or multiple pinhole pits so fine that they are not visible to the unaided eye. The copper surface will typically be discolored adjacent to the corrosion pit(s).
Surface films can vary from dull gray-black to red-brown or purple, depending upon the specific environment. The morphology of the corrosion damage within the metal comprises a series of minute interconnecting tunnels of random direction resulting from branching of the pits. The corrosion initiates from the tube surface and progresses rapidly into the tube wall. Perforation usually occurs in weeks or months, and not years. The term ant nest corrosion is attributed to Yamauchi. (2) The unique morphology so closely parallels an ant's nest (remember as children playing with the "Ant Farm"), hence the terminology adopted to describe the phenomenon.
Previous work (3, 4) reported on potential sources of chemical species causing formicary corrosion as coming from tube manufacturer and chiller fabrication fluids.
Literature Review
An exhaustive search of the literature, within the public domain, was undertaken resulting in some 58 technical articles germane to the subject. Many of the earlier works [1980's and 1990 's] were published in Japanese, and were based on failure analysis and testing in the Japanese HVAC industry. Recently, American authors submitted publications based on their investigations of this form of corrosion. (1, (3) (4) (5) (6) (7) The Canadians first described this form of attack in the literature. In 1977 Edwards, et al. (8) investigated the failure of copper tubing with aluminum fins in an air conditioning unit of a large public building. The leaks were evident during installation when the unit was pressurized. The tubes were pressure tested with an antifreeze solution, wrapped in plastic with the ends capped, and stored for a year before installation. A label left on the tubes said there could be residual antifreeze solution inside. The pitting started on the inside diameter. Edwards, et al proposed that there was a breakdown of the residual fluid in the tube, although they consider other options such as chloride induced pitting.
The literature may be broken into discrete areas such as failure analysis, (2) (3) (4) (5) (8) (9) (10) (11) (12) (13) laboratory testing procedures to replicate formicary corrosion, (2-3, 10-13, 15-30) and preventative measures. (2,6-10, 12, 14, 22, 24, 31- 
38)

EXPERIMENTAL METHODS
In the development of a reproducible screening method to determine the mechanisms and effects of organic acids and other contaminants on the corrosion of aluminum-finned copper-tube heat exchanger coils, the formicary tests were undertaken with alloy C122 [UNS C12200] copper tubing obtained from a single manufacturer. The tubes had been welded and annealed. They were approximately 3/8" in diameter with a minimum wall thickness of 0.012-inches.
Test specimens were cut to a length of 2.5-inches, engraved with an identification number, cleaned with methanol and acetone, and warm air dried. The tubes were handled with gloves during and subsequent to cleaning.
The test vessels were one-liter glass jars with a wire bale and a Buna rubber gasket. A film of polyethylene [known to be non-reactive and not contaminate the test] was used to isolate the gasket from the test vapor.
The copper tubes were suspended at a 45° angle near the top of the test vessels using a length of GoreTex™ thread, above 100mL of the test solution. Temperatures were maintained by placing the jars in heated ovens or refrigerators.
Initial Test Matrix
Prior studies had shown that formic and acetic acid would cause formicary corrosion, and would serve as controls for the refinement of a test method. The analysis of condensate on drip pans under condenser units that failed by formicary corrosion revealed a ratio of 20% formic to 80% acetic acid. This mixture would represent field conditions. Uninhibited ethylene glycol was used in some HVAC processing fluids. Ethylene glycol would form glycolic acid. This acid was known to cause corrosion of copper, but it was not in the same "family" as formic and acetic. Therefore, this chemical could validate the laboratory bench test method.
Prior studies showed that concentrations of 1000 and 10,000 ppm [parts per million] of acid cause formicary corrosion. In an effort to determine a lower critical concentration, 100 ppm of acid was additionally selected.
Temperature cycling proved to be more aggressive than isothermal testing; cycling over an 8-hour warm (40°C), 16- Exposure periods were 70 and 180 days, with the exception of the 10,000 ppm concentration where the tests were terminated after 15-days.
Revised Test Program
Due to the success of reproducing formicary corrosion with various acids, concentrations, and temperature cycles, a more refined study was undertaken to determine if there was a critical concentration required to initiate and propagate formicary corrosion. Three formic acid (100 ppm, 50 ppm and 20 ppm) concentrations with five (5) ten-day exposure periods with duplicate test vessels were evaluated. From the results of the 180 day test, above, the optimum temperature cycle of 40°C / 20°C was chosen. Every ten days 6 test vessels were opened and the tubes removed. A section was cut from the top of each tube, mounted, polished, and evaluated. The mounts were ground and polished three times so that every mount had data from 3 locations.
Other Contaminants
During tubing fabrication and evaporator/condenser manufacture, a number of drawing, forming, and stamping lubricants are used. Some of these fluids can decompose to form carboxylic acids in moist air, particularly in the presence of aluminum oxide and warm temperatures.
Twelve fluids, representing a plethora of these lubricants, were selected to evaluate their stability and decomposition products. Two types of degradation techniques were employed: thermal and water hydrolysis.
Thermal degradation was accomplished by combining aluminum oxide [alundum boiling chips] with the test fluid into a culture tube. The culture tube was then placed into an oven at 200°C for one hour. Hydrolysis was accomplished by combining aluminum oxide, the test fluid, and de-ionized water into a pressure vessel, which was sealed and placed into an oven at 100°C for 48 hours. After cooling to room temperature the water phase was analyzed by IC for the presence and concentration of carboxylates.
EXPERIMENTAL RESULTS
Initial Test Matrix
Surface observations and qualitative analysis of surface corrosion products The entire outer diameter (OD) surface of the copper tube after the exposure periods was discolored brown, with a mottled pattern of dark green corrosion products adhered to it. Upon removal from the test container, the surface of the copper tube was wet. Microscopic examination of the tube surface revealed that the dark green corrosion products comprised of fine crystals. And, it was observed that there were pinholes within the crystals. Figure 1 shows an SEM image of the dark green corrosion products adhering to the surface of the copper tube. It can be seen that the crystals are vertical, with regularity, and the sizes are approximately the same. Qualitative analysis by IC of these crystalline corrosion products confirmed formate ions, if exposed to formic acid, acetate ions if exposed to acetic acid, and formate and acetate ions if exposed to the acid mixture. Consequently, it is believed that corrosion products on the surface of the copper tube are comprised of cupric carboxylates.
Observations on cross-section
The copper tubes were cross-sectioned after the exposure periods, and examined using a metallograph. Figure 2 shows one example. It can be seen from this photograph that corrosion products, clearly different from the material adhering to the surface, pack the interior of the pinholes. The proportion of the pinhole taken up by corrosion products increases toward the interior of the pinhole, near the leading edge of the advancing corrosion, compared with the region near or on the surface of the copper tube. The findings confirm other characteristics, such as branching and the fact that corrosion tunnels do not advance in a set direction.
Using microscopic FTIR and cross polarized light, the corrosion product within the pinhole comprised of ruby red, cuprous oxide phase mixed with another gray phase. The individual grains of the gray phase were smaller than the minimum area of analysis (15 µm x 28 µm) of the instrument. However, five spectra of the gray corrosion product were compared to a spectrum of bluish-green crystals found on the surface of the tube, identified by IC as being copper formate. These five spectra all exhibited a broad absorption band around 1505 to 1535 cm -1 and 1325 to 1360 cm -1 , similar to those prominent in the bluish-green crystals. The results show that the gray material in the pinholes contained copper formate, Quantitative Depth of Attack Summarized in Tables 1 and 2 are the results of the 70-day and 180-day exposure periods, respectively, to different acid concentrations and temperature cycling. Table 3 are the results of the 50-day exposure to various low concentrations of formic acid. All exposure periods produced formicary corrosion, even at 20 ppm after 10 days. This implies that if there is a critical concentration for initiation of formicary corrosion, it must be substantially below 20 ppm, and probably at the ppb [parts per billion] level.
Revised Test Program Summarized in
An occasional morphology that included thin blue lines was observed on the cross-sections at the 20 and 50 ppm concentrations. An etch revealed the presence of intergranular attack where the thin blue lines had been seen and indicated preferential grain boundary attack, Figure 3 .
Other Contaminants
Summarized in Table 4 are the results of the degradation of various lubrication fluids. There is no clearcut method for degradation of the tested fluids. Some fluids are more susceptible to thermal degradation, while others are more influenced by water hydrolysis. Agreeably, some of the fluids exhibit minimal degradation, while others are significantly degraded into low molecular weight carboxylic acids. Studies are continuing to evaluate the effects of these degradation products on producing formicary corrosion utilizing the test method developed in this program.
DISCUSSION
The results of this testing program have confirmed that a laboratory test method can reproduce formicary corrosion. Go/no go results are attainable in as little as 10 days exposure. Quantitative results as to the depth of attack are limited to the nature of the branched tunnels. Figure 6 provides a schematic illustration of a typical formicary corroded tube. Although it is true that through-wall failure penetrates the wall from one side to the other, formicary corrosion does not take a direct path (Figure 6a ). This places a burden on the investigator in trying to locate through-wall penetrations and the extent of attack that has occurred, which is dependent on where the tube is cross-sectioned for examination (Figures 6b  and 6c ).
Given the characteristics of the formicary corrosion process, the technique of quantifying the extent of formicary corrosion becomes one of heuristic methodology [solving a problem by trial and error]. What is important is the presence or absence of formicary initiation sites that again utilizes the heuristic methodology [self-education] for knowing what characteristics to recognize when examining a tube suspect of a through-wall penetration. After examining several hundred tubes, tell tale signs of attack are recognized, such as discoloration of the tube and corrosion product accumulation. Small red or purple sites amid the brown patina of the copper tube are indications of pinholes. Likewise, bluishgreen crystals that appear at 200 to 500X magnification are signs that oxidation is taking place other than the formation of surface cuprous or cupric oxide.
The presence of intergranular attack and small quantities of copper formate within the labyrinth of the formicary are significant findings that assist in explaining the mechanism of attack. Up until now, most of the mechanism theories have been based on speculation or limited evidence, as reviewed below.
Notoya's Theory
The 1977 SEM analysis by Edwards et al. (8) found Cu, Fe, P, S, Ca, and Cl in the corrosion deposits of their formicary failure. They speculated that the breakdown of the inhibited antifreeze, possible high concentrations of O 2 and CO 2 in the condensate inside the tubes, or the presence of chlorides, might have caused the pitting. However, they were puzzled how any of these could have led to such aggressive corrosion.
In 1983, Yamauchi et al. (2) , reported to have produced formicary corrosion in the laboratory with a solution that contained 1,1,1-trichloroethane. They believed the solvent was breaking down to hydrochloric acid and phosgene that were acting as the corrodants.
In 1988 Notoya et al. (9) reported producing laboratory formicary corrosion with four different carboxylic acids, the most aggressive being formic acid. Their formulas and explanation were widely adopted, and a slightly modified version is duplicated here:
Discontinuities in the oxide film are attacked by the organic carboxylic acid present and copper is oxidized: The copper carboxylate complex attacks the pristine crack surfaces and the cuprous complex reforms:
These reactions then recur and are autocatalytic.
The standard cathodic reaction in an acidic solution is:
Alternate Theory
In 1993 Miya et al. (19) describe a theory that is based on capillary action drawing water into the pit with surface tension at the mouth of the pit. Notoya accepts capillary force as an explanation for water transport and how pits can proceed in the direction opposite to gravity, but argues that condensation inside the pits may be equally valid.
Miya felt that capillary action did not account for observations that corrosion products were more prevalent deeper inside the pit. Miya believed that the absence of copper formate and even carbon inside the pit, as evidenced by SEM and EPMA work, caused problems for Notoya's equations 3 and 4. While admitting that copper formate was soluble in the water used for polishing, Miya did not feel that all traces of it should have disappeared. He proposes alternate formulas, involving the presence of formic acid in the spongy Cu 2 O, but without a copper formate complex. Miya thought that traces of formic acid, which were not removed during polishing, were evaporated in the SEM when the vacuum was drawn. He proposes that the tunnel morphology is related to the amount of water present at the mouth of the pit: a low amount of water forms a narrow tunnel and a larger amount of water forms a broadening tunnel. He also points out that in failure analyses traces of sulfur and chlorine are commonly found and thinks their role in formicary corrosion needs to be understood.
In 1994 Nagata and Kawano (20) give a formula for the hydrolysis of 1,1,1-trichloroethane to acetic acid as:
Baba and Kodama (21) , writing in 1995, produced potential pH (E-pH) diagrams for copper with acetate and formate solutions. Using XRD and FTIR they were unable to find copper carboxylate [Cu(I)X] complexes in their work, but said this might be an issue of concentration. They noted that their mechanism was similar to Notoya's. Tunneling was accounted for by activation at the pit front and passivation on the pit walls. Notoya (28) saw their thermodynamic work as a validation.
Cano et al, (29) in 1999, adopted the basis of Notoya's formulas with acetic acid, but added hydrates. 
Other Investigations
In 1998 Lopez et al (39) published a study on copper corrosion due to small concentrations of acetic acid vapor. The focus was on the development of patinas in the atmosphere, but their research is interesting and applies to formicary corrosion. Phosphorous deoxidized copper plates were exposed to the vapor of 5 concentrations of acetic acid vapor for a period of 21 days at 30°C. The solutions were changed once a week. The concentrations used were 10, 50, 100, 200, and 300 ppm in the vapor phase. These would roughly correspond to levels of 600, 3,000, 6,000, 12,000, and 18,000 ppm in the test solution (for comparison to the studies done by other researchers mentioned here, who did not calculate the vapor phase concentrations). The maximum corrosion rate was 23 mdd (milligrams per square decimeter per day). The corrosion products were thoroughly analyzed using an SEM, XRD, FTIR, and thermogravimetric and thermodifferential analyses. Electrochemical tests were also run. Although aware of Notoya's work, they apparently did not make cross-sections or look for formicary corrosion. At the concentrations they used they would definitely have found formicary corrosion.
Their descriptions and photographs of the plates they exposed are quite applicable to the corrosion products on the OD (outside diameter) of tubes exposed to acetic acid vapors. They propose formulas for the formation of the copper hydroxide acetate and the copper acetate, which they found. They believe that at lower concentrations the acetic vapor reacts with the wet copper surface but at higher concentrations droplets of acetic acid are deposited on the surface.
In 2000, the same researchers (40) replaced the acetic acid with formic acid but used the same experimental conditions and analysis techniques. They used triplicates and reported a reproducibility of over 95%. The vapor concentrations of 10, 50 100, 200, and 300 ppm roughly correspond to test solution concentrations of 140, 700, 1,400, 2,800, and 4,200 ppm. These are different from the acetic solution concentrations above because formic acid and acetic acid have different vapor pressures. As with the acetic acid tests, apparently no cross sections were made, and so formicary corrosion was not reported.
Proposed New Mechanism
It is this author's proposal that the true branching tunnels associated with formicary corrosion in copper alloys are purely the result of formic acid, and that other carboxylic acids create more classical shaped pits. As such the mechanism for formicary corrosion is as follows:
Grain boundaries provide the weaknesses in the oxide film, and the copper is locally oxidized: 
CONCLUSIONS
Formicary corrosion continues to baffle investigators who have yet to agree upon a mechanism, much less be able to predict behavior, except acknowledge that it requires four elements to simultaneously occur, namely air (oxygen), moisture (water), a low molecular weight organic acid (possibly a decomposed lubricant), and a copper alloy. From the results of this study, a reproducible screening method has been developed to evaluate the effects of organic fluids susceptible of promoting formicary corrosion.
Suspending a test sample above a reservoir of a hydrolyzed fluid in a sealed vessel and cycling the temperature from 40°C to 25°C during a 16 to 8 hour period will create conditions favorable to initiate and propagate formicary corrosion. Test results have demonstrated that the critical concentration of formic acid required to initiate attack is less than 20 ppm, and that significant attack can occur within ten days of exposure.
Formicary corrosion initiates along grain boundaries [intergranular corrosion] and then propagates into the grains [dissolution] . This can account for the "micro anodes and voids" described by others, and the apparent random tunneling observed in cross-sections. 
